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Summary 
This study departs from another study of an autonomous heliostat. A heliostat is a device 
that includes a mirror, usually a plane mirror, which turns so as to keep reflecting sunlight 
toward a predetermined target, compensating for the sun's apparent motions in the sky. The 
target may be a physical object, distant from the heliostat, or a direction in space.  Heliostat 
fields for concentrated solar plants can be very large as the number of heliostats can reach 
several hundreds. They move thanks to motors, generally supplied by long underground 
cables across the field. This classical solution leads to huge costs to dig trenches and buy 
long cables. To avoid this drawback, an improved electronic system which reproduces an 
autonomous heliostat was studied. The first autonomous heliostat designed has only one 
storage device, a battery. In our study a hybrid system of storage and supply energy will be 
studied.  
The solar energy absorbed by the solar panel is treated with a Maximum power point 
tracking(MPPT) converter that provides the maximum power and then the required voltage 
to the Vbus at the output is set by the storage system.  This system only has one storage 
device, a battery. The batteries can store a lot of energy and supply it but are very sensitive 
to high power. In contrast, the supercapacitors can store less energy but allow supplying a 
high demand of power. Combining them in storage system load extends the battery life and 
reduces his size. This study consists on introducing a battery of supercapacitors (SC) into the 
system, with the existing battery, to become it a hybrid system, evaluate the different ways 
to place the battery, the SC and the converter/s, choose the best one for our interest and 
implementing the hybrid model chosen in Psim. The PSim program can simulate the 
electrical and electronic circuit that should represent the entire model and introducing some 
tester along the model and using a program called SIMVIEW, it’s possible to obtain graphed 
results. Almost all the study will be centered in this last step, trying to develop the most 
accurate PSim model to achieve a good model able to test a lot of ways to store the energy 
and could be used to posterior studies.  
Three kinds of combinations have been studied in the following step, a converter DC/DC 
between de supercapacitors and the main bus, a converter DC/DC between the battery and 
the main bus and two converters DC/DC between one between the battery and the main bus 
and the other between de supercapacitors and the main bus. The advantages and 
disadvantages have been developed to choose the most interesting way to build the hybrid 
model. Putting the converter between de main bus and the battery isn’t a good solution. The 
battery is the mainly storage device, it s almost always receiving and giving energy and for 
that reason the converter will work very long time increasing the overall looses in the 
system. Furthermore, in contrast, putting the converter between the mainly bus and the 
battery of SC means less looses because the function of the SC battery is absorb the 
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maximum current peak and then, when the current is stabilized at a minor current let the 
battery to supply the load. This way the converter isn’t almost always in use so the converter 
hasn’t so many looses. Thus the topology chosen has only one converter for controlling the 
flux current between the mainly bus and the SC battery. This converter will be a DC/DC 
bidirectional buck boost converter. There are 2 possibilities to design the converter. One of 
them consists on: when the SC battery is charging, the converter works as boost and when 
the SC battery is discharging the converter works as buck. So the rated SC battery voltage it 
would be higher than the voltage in mainly bus, this converter is called down convert. The 
other possibility consists on: when the SC battery is charging, the converter works as buck 
and when the SC battery is discharging the converter works as boost. In this case the rated 
SC battery voltage it would be smaller than the voltage in mainly bus, this converter is called 
up convert. A specific study, in the bibliography, concludes that the second one is better. 
Once the topology to design has been chosen, a Psim model was developed. This Psim model 
has been built in 4 parts: The photovoltaic panel, the lead-acid battery, the MPPT converter 
and the DC/DC bidirectional buck boost converter up convert with the proper SC battery. 
The last step will be join all this parts for achieve the whole hybrid model. 
The photovoltaic panel available for the experimentation is the model FVG 36 10P. The 
intention is design an accuracy model in PSIM to try simulating the real behavior of a 
photovoltaic panel. It has been created following others studies that implement a model into 
MATLAB/SIMULINK. Extracting the equations of photovoltaic current and then introducing 
them in Psim by computational blocks, a control voltage current source applies at the 
potential model the proper current according the parameters adjusted. The characteristic 
values of the photovoltaic panel from datasheet are extracted and included in implemented 
equations. Then an internal parameter and the series and parallel resistor have been 
arranged in order to satisfy the datasheet conditions. The internal parameter is achieved by 
simulating the model at different values. The test consists on checking if at different 
temperatures the open-circuit voltage of photovoltaic panel value given by the model 
simulation is closer than the datasheet indicates. The last test consists in simulating the 
model at different values of resistors and check the voltage and current of the maximum 
point of power and compares with the datasheet value. So it is possible to find the values 
with the minimum error and therefore a better adjustment to the manufacturer conditions. 
The battery is the device responsible for storing the energy generated by the solar panels. A 
lot of types of batteries are available (Lead-Acid, Li-Ion, NiMH, NiCd, etc.) and each one has 
his own proprieties, the way to charge and discharge, its capacity, the losses, etc. For that 
reason the modeling of each kind of batteries will be different. Two Lead-Acid batteries 
(Sealed Lead-Acid Battery 12V24Ah) in series are used in the model proposed. A Psim 
battery model will be done as the Psim model of solar panel has been made. The equations 
to implement are extracted from studies for MATLAB/SIMULINK. The equations of lead acid 
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battery are extracted and implemented in PSim by using the operational blocks and some 
filters. The equation of battery changes if it is charging or discharging and for this reason it is 
essential using a multiplexor block to choose the accurate equation at any time. It is selects 
according to the current at the output of battery if it is positive or negative. Some 
parameters of the battery characteristics are directly extract from the datasheet, but the 
others has to be extracted looking the discharge curve at the datasheet, extract the key 
points and then used the respective equations. Following this procedure it has been possible 
achieve to the characteristic curve of charge and discharge of the battery.  
Once finished the photovoltaic panel model and the model of the battery, the MPPT 
converter has been designed. This is a DC/DC converter with a buck or boost topology, it 
depends on the characteristics of photovoltaic panel and the battery connected to the global 
model. His mission is to search for the voltage of the photovoltaic panel that produces the 
maximum power. There are many studies about the different strategies of the control of 
MPPT.  The most important part of a MPPT is its control. In the Psim model has been used a 
numerical algorithm that provide a Vref output signal. This signal will be compared with the 
output voltage of de Solar panels to extract an error that will be corrected by a proportional-
integrator controller (PI) to supply at the transistors the adequate alpha that yields the error 
minimum. The algorithm gets the signals of the voltage and the current at the output of the 
photovoltaic panel for each certain period of time (depending of the frequency set in the 
algorithm) and then calculates the power supplied. If the power is higher or smaller than the 
previous power calculated and if the voltage is higher or smaller than the voltage obtained, 
the Vref it will be incremented or decremented. This algorithm is possible to be implemented 
because the trace of the power in function of the voltage in a photovoltaic panel is known 
and he always has a maximum point of power between the minimum and the maximum 
voltage. When the MPPT control has been finished, the resistor, capacitors and inductor of 
the converter are well regulated by simulations at different values. The objective is to 
achieve currents inside the converter with a minimum ripple for its correctly operation.  
Once the MPPT is totally built, the next step is trying to adjust it to a real MPPT device. The 
MPPT converter proposed for the model is a Steca Solarix MPPT 2010. Looking at the 
datasheet we find a curve of efficiency versus power applied and we realize that the 
tendency of the curve isn’t linear. Checking the efficiency simulating our model at different 
supplied power and then tracing the points, the curve obtained is very different from the 
device efficiency curve. For this reason a voltage-controlled current source has been 
implemented at the MPPT converter output. This source is controlled by an algorithm in C 
block and it pretends to be the internal converter loses.  Extracting the equation of the 
device efficiency in function of the input converter power from datasheet and the equation 
of the Psim model efficiency in function of the input converter power has been able to build 
an algorithm that converts the model efficiency to the real efficiency. 
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The last part built concerns the converter and the SC. The DC/DC converter chosen to be 
implemented in the Psim model consists on a bidirectional buck/boost up convert working as 
a buck when the current goes from bus to supercapacitors (SC) and working as boost when 
the current goes from SC at the bus. So the nominal voltage battery of SC has to be less than 
the main bus. According of the original model specifications and the SC chosen (BCAP 1500 
Maxwell capacitors), a battery of 6 SC has been designed. Once the battery of SC is 
established, two subcircuits are designed in the model to control each transistor. Their 
mission is to obtain the accurate α to transmit to the transistors depending the strategy 
followed. One transistor works when the converter is working as a boost and the other one 
when the converter is working as a buck. 
Inside the boost subcircuit exists 2 parts with different objective: One part controls the value 
of alpha and the other controls when the transistor has to work. The aim of the first one part 
is to achieve an accurate alpha that gives at the main bus the rest of the current that the 
MPPT cannot provides. The second part objective is to control when the transistor has to 
stop working or receive an alpha value. Using simply logical gates, the model decides when 
has to provide an alpha. The buck subcircuit has 2 parts too with the same objective as the 
boost subcircuit. The first part is responsible for give the proper alpha at the transistor. The 
desired current value at the converter input is set in a constant parameter of model; it will 
be the current at the input when the buck transistor is working. The other part controls 
when the transistor has to stop or works with the proper alpha.  
Needless to say, these rules established for the operation of the transistors and how much 
current will goes enter to SC battery and goes out from SC battery can be changed to achieve 
different strategies.  
Once all the parts are finished separately, they are put together as the chosen disposition. 
The Psim scheme of PV and Battery have been put in different subcircuits and adapted to 
this change. In the principal Psim schema is included: One PV subcircuit, 2 battery (12V) 
subcircuits connected at the mainly bus, the MPPT converter between the PV subcircuit and 
the mainly bus and the DC/DC bidirectional buck boost converter between the SC battery 
and the mainly bus. In addition, a voltage controlled current source is included in the mainly 
bus pretending be the applied load. With the proper voltage is possible to simulate the 
desired charge. 
At the end of this study, the more characteristics parts of the model studied have been 
designed in Psim and verified their correctly operation then and the model is able to be used 
to extract the appropriate conclusions. The model built offers much versatility, can be 
adapted at different conditions. The study includes all the steps to follow to build a model 
and also the way to regulate correctly as the manufacturer indicates. The only necessary 
thing is acquire whole datasheets of the required devices. 
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1 Introduction 
 
Heliotherm dynamic power is an emerging resource that is going to gain importance in the 
future to cope with the scarcity of fossil fuels. Plants using this kind of power with a tower 
run by the use several heliostats. These ones reflect the sun beams on the top of the tower 
where the heat receiver stands. After heat transfer to a fluid in the receiver and due to 
thermodynamic transfer, electricity is generated by a turbine. 
 
Figure 1 - Solar power tower in California 
A heliostat is a device that includes a mirror, usually a plane mirror, which turns so as to 
keep reflecting sunlight toward a predetermined target, compensating for the sun's 
apparent motions in the sky. The target may be a physical object, distant from the heliostat, 
or a direction in space.  Heliostat fields for concentrated solar plants can be very large as the 
number of heliostats can reach several hundreds. They move thanks to motors, generally 
supplied by long underground cables across the field. This classical solution leads to huge 
costs to dig trenches and buy long cables. To avoid this drawback, an improved electronic 
system which reproduces an autonomous heliostat was studied. This study departs from 
other studies [1-3] of an autonomous heliostat supplied by solar panels in order to avoid the 
long cables. Further studies were aimed at reducing the energy needed to move the 
heliostats, and for this reason, reducing the invested money too. The last study proposes 
only one converter between the main supplying bus and the two motors instate of the 
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classical solution with two converters for each motor [2]. This change reduces the sizing of 
the battery and the surface of the solar panel. The first autonomous heliostat designed has 
only one storage device, a battery. In our study a hybrid system of storage and supply energy 
will be studied.  
 
Figure 2 - Original model. Source: [3] 
The solar energy absorbed by the solar panel is treated with a Maximum power point 
tracking (MPPT) converter that provides the maximum power and then the required voltage 
to the Vbus at the output is set by the storage system. The energy achieved feds the motors. 
The motors move the heliostat in rotation on two axes: in elevation and in azimuth (or 
elevation and spinning) for sun tracking all day long  This system only has one storage device, 
a battery. The batteries can store a lot of energy and supply it but are very sensitive to high 
power. In contrast, the supercapacitors can store less energy but allow supplying a high 
demand of power. Combining them in storage system load extends the battery life and 
reduces his size. This study consists on introducing a battery of supercapacitors (SC) into the 
system, with the existing battery, to become it a hybrid system, evaluate the different ways 
to place the battery, the SC and the converter/s, choose the best one for our interest and 
implementing the hybrid model chosen in Psim. The PSim program can simulate the 
electrical and electronic circuit that should represent the entire model and introducing some 
tester along the model and using a program called SIMVIEW, it’s possible to obtain graphed 
results. Almost all the study will be centered in this last step, trying to develop the most 
accurate PSim model to achieve a good model able to test a lot of ways to store the energy 
and could be used to posterior studies.  
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2 Study of different types of hybrid models 
 
Exists different ways to design a hybrid model, this ways are studied below using drawing 
conclusions from different studies [4-7]. 
2.1 SC-only connected through a dc/dc converter 
 
Figure 3 - SC-only connected through a dc/dc converter 
2.1.1 Advantage 
Introducing a converter DC/DC between de supercapacitor (SC) and the Vl bus, lets charge 
the SC faster because you can control: the inner intensity of the converter and the outer 
intensity that fed the load. In addition you can keep the voltage of the load bus better 
because the discharge of battery supplies the same voltage for a longer time than the SC. 
2.1.2 Disadvantages 
This configuration cannot control the intensity led for the battery, because it hasn’t a buffer 
between the battery and the Vl bus, for this reason, the battery could suffer intensity peaks 
from the load and it will be severely damaged. Despite this, it’s a better solution than only 
one battery storage system. In addition the converter DC/DC added introduces losses at the 
system. 
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2.2 SC and battery with converter 
 
Figure 4 - SC and battery with converter 
2.2.1 Advantages 
Putting two converters aims to control all the inner and outer intensities. In this way, you 
can decide all the strategies possible: When does the SC has to be charged? And the battery? 
You can charge the battery first until a determinate state of charge (SOC) and then charge 
the SC, the other way around or charge at the same time. Controlling this, you can make 
work the batteries and the SC as the manufacturers recommend and so improving the life of 
the storage devices.  
2.2.2 Disadvantages 
The system with two converters increases the losses inside it; this involves increase the 
sizing of the storage devices and therefore increases the price too. Its design is more 
complicated than the others; its control system becomes more complex.   
 
 
Hybridization of the autonomous heliostat power for the future 
solar power towers 
2012 
 
 
 15 
2.3 Battery with converter 
 
Figure 5 - Battery with converter 
2.3.1 Advantages 
SC is directly connected with the load, so absorb the intensity peaks and the battery with the 
converter can provide a constant power, that it isn’t dangerous for his cycle life, to help the 
SC supply the load. 
2.3.2 Disadvantages 
In this topology, the working range of the SC is limited because it is necessary to maintain 
the bus voltage at an established value and SC isn’t capable to supply energy to the load and 
try to keep a stable voltage. In addition the converter is working for much time because 
battery stores almost the all energy, and this increases the losses.  
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3 Hybrid model selected Psim 
 
Putting the converter between the main bus and the battery isn’t a good solution. The 
battery is the mainly storage device, it’s almost all time receiving and giving energy and for 
that reason the converter will work very much time increasing the overall looses in the 
system. Furthermore, in contrast, putting the converter between the mainly bus and the 
battery of SC means less looses because the function of the SC battery is absorb the 
maximum current peak and then, when the current is stabilized at a minor current let the 
battery to supply the load. In this way the converter isn’t almost always in use so the 
converter hasn’t so many looses. Thus the topology chosen is only one converter for 
controlling the flux current between the mainly bus and the SC bank. It exists two ways for 
design a converter for a battery of SC, having a ultracapacitor voltage lower than main bus, 
this is the up convert case and having a ultracapacitor voltage greater than main bus, this is 
the down convert case. For the two ways, the converter is bidirectional. In the case of up 
converter, the converter will work like boost when the SC’s are giving energy to the main bus 
and will work like buck when the main bus is giving energy to SC’s.  In the other case will be 
the opposite. 
 
Figure 6 Conclusions of the study: Batteries & Supercapacitors - where should the converter go? [5] 
As the table shows, the best option is up-converter than down-converter. MPPT converter 
gives the maximum power point that allows the solar panel. We have to control de outing 
voltage according with the needs of the main bus and the battery specifications. Firstly, the 
energy achieved from the panel, supplies the load and the battery. If the battery is full 
charged, then we can charge the SC pack. Also, we can decide charge the SC pack when the 
battery isn’t charged at all, if this way is more optimal for the system. When the solar energy 
isn’t enough to satisfy the load, we have to supply with the SC at the first time, in order to 
minimize the impact of the peak current on the battery, and then let the battery absorbs the 
rest of the energy required. So we have to control the MPPT outing voltage, the bidirectional 
converter output current and voltage and the SC pack input voltage. According to these 
specifications, the Psim model design will be started. 
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4 Implementation of the hybrid model in PSim 
 
Once the topology to design has been chosen, a Psim model was developed. This Psim model 
has been built in 4 parts: The photovoltaic panel, the lead-acid battery, the MPPT converter 
and the last one the DC/DC bidirectional buck boost converter up convert with the proper SC 
battery. The last step will be join all this parts for achieve the all hybrid model. 
4.1 Photovoltaic module 
The photovoltaic module is composed of a group of solar cells that can generate energy by 
the solar light. The photons of the solar radiation, collide on the top of cells, go through 
them and finally are absorbed for the semiconductor material. The photons bump into the 
electrons of the atoms, breaking their orbital links and generating electricity current. 
Nowadays two types of PV crystalline modules exist, Monocrystalline, formed by only one 
section of silicon crystal, and Polycrystalline. 
 
 
Figure 7 - FVG 36 10P 
 
The photovoltaic panel available for the experimentation is the model FVG 36 10P (Figure 7). 
Its datasheet is included in Annex 1.1. The intention is design an accurate model in PSIM to 
try simulating the real behavior of a photovoltaic panel.  The simplest model is a PV cell 
modeled as diode circuit (Figure 8). It’s composed of a current source emulating Iph, the light 
generated current in a PV module, a diode emulating I0, the PV module saturation current 
and two resistors, Rs and Rsh, the intrinsic series and shunt resistances.  
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Figure 8 - PV cell modeled as diode circuit 
This model can be improved knowing the equations of the physics reactions occurred into a 
PV cell [4]. The current generated in cells by the solar irradiation, Iph, depends of the Isc, the 
short-circuit current, Ki, the short-circuit current temperature coefficient and the Tr, 
reference temperature. All three parameters can be achieved from datasheet. Iph varies also 
according the PV module illumination (λ) and the modeling operation temperature (T). The 
mathematical equations are introduced in Psim into a subcircuit for trying to simplify and 
makes the Psim model understander. The subcircuit output is a voltage signal, in this case Iph, 
that controls a source of current (Figure 9).  
 
                   
 
    
       (1) 
       
 
Figure 9 – Subcircuit of Iph equation 
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The saturation current I0 created in the PV cells depends of the voltage at the output of the 
photovoltaic panel, this changes exponentially increasing the output voltage until obtain the 
open-circuit voltage, the output current of PV becomes 0, then the system is totally 
saturated. According to (2), this current varies with the cell temperature and can be 
modulated by the ideality factor B. Eg0  is the band gap for silicon and his value is 1.1 eV, q is 
electron charge (1.6 x 10-19 C) and k is the Boltzmann constant (1.3805 x 10-23 J/K).  
 
       
 
  
      
    
  
 
 
  
 
 
 
    (2) 
Irs is the module reverse saturation current, also it varies with the cell temperature. A is 
another ideality factor that depends of the technology of the panel, the model FVG 36 10P 
uses Si-poly technology therefore the value given is 1.3 referring to a study [5] and is showed 
in Figure 10 . ISCr is the short-circuit current at 25 °C and 1000 W/m
2.  
 
     
   
                   
  (3) 
 
 
Figure 10 – Ideality factor A according the used technology. Source: [5] 
The equation (4) includes all the above equations (1), (2) and (3) and it is composed of two 
parts, positive and negative. The first one has been represented on PSIM like it has been 
explained and Figure 9 shows. The last part is represented on PSIM implementing the 
equations into subcircuits in order to obtain a voltage signal Id which represents the negative 
value of the current corresponding to the negative part of the equation. This voltage signal 
controls a voltage-controlled current source (Figure 11). 
A 
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      (4) 
 
 
Figure 11 - Voltage-controlled current source Id 
 
Figure 12 - Subcircuits of Id 
 
The last step before configure the model is add the resistors Rs and Rsh, a capacitor for 
stabilize the signal and make the current sources work correctly and the diode in order to 
avoid an inverse current to the source.  
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Figure 13 - Psim power scheme 
After implementing the equations in Psim model, it’s necessary to put the values at the 
variables which configure the desired solar panel. These are Open-Circuit Voltage (V), Short-
Circuit current (A), reference Temperature (K), PV module short-circuit current (A), Rs (Ω), 
Number of cells connected in parallel, Number of cells connected in series and Ideality 
Factor. Table 1 shows the values extracted from the FVG 36 10P datasheet. These values 
correspond to one solar panel; our configuration has 12 solar panels, 6 groups of 2 panels 
connected in series which are connected in parallel. For this reason is important to take care 
of change some values of the datasheet in order to achieve our system.    
 
Model FVG 36 10P 
Maximum power Pm (W) 10 
Voltage at maximum power Vm (V) 17.50 
Current at maximum power Im (A) 0.57 
Open Circuit Voltage Voc (V) 21.00 
Short-Circuit Current Isc (A) 0.66 
Isc Temperature Coefficient Isc (%/°C) 0.05 
Cell size (mm) 75x25 
Number of cells in  series Ns (-) 36 
Number of cells in parallel Np (-) 1 
Table 1 - PV FVG 36 values extracted from datasheet 
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Having 2 panels in series implies to double the open circuit voltage value. When the current 
supplied for the solar panel is 0 the voltage would be 21V x 2 = 42V. Then the value 
introduced in PSIM model for Open-Circuit Voltage (V0C) is 42.  For the same reason the 
number of cells in series will be 72. 
For the Short-circuit current (Isc) value isn’t necessary change the value of datasheet because 
introducing the number of cells in parallel, as our model has been implemented, is enough. 
Thus the short-circuit current is 0.66 and the number of cells in parallel is 6. 
PV module short-circuit current required is solved by the value of the Isc Temperature 
Coefficient (Isc TC): 
   
                   
   
     
    
         
   
            
The temperature reference is 298 K.  
The value of the resistor Rs should be around [1 - 0.01] Ω and the value of Rsh should be 
around [10000 – 100+ Ω. For the first test, the resistance of Rs will be 0.1 Ω and the 
resistance of Rsh will be 1000 Ω. 
The variables introduced at the system are: 
Open-Circuit Voltage (V) V0C 42 
Short-Circuit current (A) Isc 0.66 
Reference Temperature (K) Tr 298 
PV module short-circuit current (A/°C) ki 3.3 ∙10
-4 
Number of cells in  series Ns 72 
Number of cells in parallel Np 6 
Ideality Factor A 1.3 
Rs (Ω) Rs 0.1 
Rsh (Ω) Rsh 1000 
Table 2 - Input paramaters of PV system 
Setting the module illumination and the ambient temperature at the test condition, λ = 1000 
W/m2 and T = 298 K, the curve obtained at running the simulation (Figure 14) has a trace 
near like the real trace but is necessary to adjust much better this curve using the data 
supplied for the datasheet.  
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Figure 14 - Curve Ipv-Vpv & Ipv-Ppv at test conditions 
4.1.1 Temperature adjustment 
The cell temperature affects directly at the electrical proprieties and therefore at the curve 
of the PV panel. In datasheet are the Pm, V0C, Isc temperature coefficients (Table 3), this 
values are an indicator that how the Pm, V0C, Isc varies with a change of temperature. Using 
the equations (6)(7)(8) and simulating the model at different temperatures and tracing the 
results, it’s possible to compare both curves and extract the error. In order to adjust this 
curve as well as the reality the ideality factor B will be adjust at different values to obtain the 
minimum error.   
Pm Temperature Coefficient (%/°C) Pm TC -0.45 
V0C Temperature Coefficient (%/°C) V0C TC -0.35 
Isc Temperature Coefficient (%/°C) Isc TC 0.05 
Table 3 - Pm, V0C, Isc temperature coefficients from PV panel datasheet 
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The values Pm, V0C and Isc given by the manufacturer for each temperature are achieved by 
using the equations (6) (7) (8) at different temperatures. These values are called Pmr, V0Cr, Iscr. 
The simulated values of Pm, V0C, Isc are obtained simulating Psim model and searching these 
values on the I-V and P-V graphic. The error of each parameter is calculated by the equations 
(9) (10) (11) and the global error by equation (12). 
        
              
      
              
         
                
       
               
          
                
       
               
 
     
                         
 
           
The simulation tests consist in change the temperature from 248 K (-25°C) to 348 K (75°C) 
with increments of 10 degrees. 
The first test, setting the ideality factor B at 1.3 like the ideality factor A, shows several error 
in V0C and Pm and the error increases when the temperature moves away from his reference 
value. As regards the error in Isc remains constant and smaller at different temperatures. 
(Annex 1.2)  
Simulating and analyzing the same first test but at different ideality factors B, we conclude 
that the value of B with least error is 2.73 (Annex 1.2). The V0C error has been greatly 
reduced and the Isc has been increased but not much. Respect the Pm error has been reduced 
but it has to be reduced more. For the time being this is not a problem because it will be 
reduced in the second parameter calibration (Rs and Rsh).  
 
4.1.2 Loses adjustment 
Now that we have all the circuit implemented in PSIM and the ideality factor B is well 
calibrated, it’s necessary to find Rs and Rsh values to adjust the experimental curve as well 
as possible at the reality. Taking the power peak point, the voltage and the current at this 
maximum point (Figure 15), we have a reference to fix the resistance values.   
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Figure 15 - Maximum point of power 
 
As we have 12 photovoltaic panels, 6 couples of panels connected in parallel, are required 
change de datasheet values:  
                
               
                
Changing the resistance of resistors Rsh and Rs and then doing the simulation, we are 
capable to search the accurate value that involves less error. In first time, the test consist of 
simulate the PV curve with a value of 10000, 1000 and 100 Ω for the Rsh and change the 
resistance Rs (1, 0.1, 0.01 Ω) for each value of Rsh. The equation used to calculate the error 
is: 
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Setting the Irradiation at 1000 W/m2 and the temperature at 298 K and simulating then for 
each different resistance in the first time is obtained the following results (Table 4). 
Rsh = 10000Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 1Ω 32,24 3,633 117,141 5,503 
Rs = 0,1Ω 35,08 3,685 129,276 5,238 
Rs = 0,01Ω 35,36 3,691 130,507 5,901 
     
Rsh = 1000Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 1Ω 32,20 3,609 116,219 5,562 
Rs = 0,1Ω 35,04 3,658 128,170 4,626 
Rs = 0,01Ω 35,32 3,663 129,382 5,280 
     
Rsh = 100Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 1Ω 32,08 3,336 107,018 7,206 
Rs = 0,1Ω 34,68 3,380 117,233 1,459 
Rs = 0,01Ω 34,92 3,387 118,269 0,8801 
Table 4 - - Rs and Rsh test 1 
As the shows, the configuration with a resistor Rsh of 100 Ω and a resistor Rs of 0.01 Ω has 
the less error. In view of this, the next test consists in vary the resistance around these 
values (Table 5).  
Rsh = 250Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 0,5Ω 33,68 3,546 119,415 2,644 
Rs = 0,1Ω 34,92 3,565 124,498 2,742 
     
Rsh = 125Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 0,5Ω 33,56 3,424 114,903 2,824 
Rs = 0,1Ω 34,76 3,442 119,643 0,542 
     
Rsh = 110Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 0,1Ω 34,72 3,408 118,327 0,848 
Rs = 0,05Ω 34,88 3,409 118,911 0,522 
Rs = 0,01Ω 34,96 3,415 119,380 0,261 
Rs = 0,008Ω 35 3,412 119,403 0,248 
     
Rsh = 115Ω Vm(V) Im(A) Pm(W) E (%) 
Rs = 0,01Ω 35 3,425 119,864 0,0834 
Rs = 0,008Ω 35 3,425 119,888 0,0835 
Table 5 - Rs  and Rsh test 2 
The minimum error achieved is with a 115 Ω resistor for Rsh and 0.01 Ω resistor for Rs. 
Looking at the Table 6, the value of V0C and Isc it’s noted that the error keeps small and this 
change of resistance only has a big influence to reduce the error on Pm.  
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The next step is to check if this change of resistors has an important influence with respect 
to V0C, Isc, Pm at different temperatures.  The simulation shows that the error of Pm has been 
reduced successfully. The error of V0C and Isc has increased but they are still minor. The 
global error increases when the temperature moves away from his reference value reaching 
his maximum value at the limit temperature into the range. The global error at -25°C is 
1,273% and the global error at 75°C is 1,277%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rsh = 115Ω Vm(V) Im(A) Pm(W) V0C (V) Isc(A) EV0C (%) EIsc (%) 
Rs = 0,01Ω 35 3,425 119,864 41,84 3,943 0,3810 0,4215 
Table 6 - Voc and Isc at Rsh = 115 and Rs = 0,01 
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4.2 Battery Model  
The battery is the device responsible for storage the energy generated by the solar panels. A 
lot of types of batteries are available (Lead-Acid, Li-Ion, NiMH, NiCd, etc.) and each one has 
his own proprieties, the way to charge and discharge, their capacity, the losses, etc. For that 
reason the modeling of each kind of batteries will be different.  Two Lead-Acid batteries 
(Sealed Lead-Acid Battery 12V24Ah) in series are used in the model proposed. A Psim 
battery model will be built as the Psim model of solar panel has been made. The information 
followed is included in bibliography [8-9].     
The main circuit (Figure 16) is composed of a voltage-controlled voltage source, the voltage 
generated change according to the state of charge of the battery. There is a resistor trying to 
simulate the losses at charge and discharge. For try to adjust the real behavior of a lead-acid 
battery is necessary to control the inner and outer current by a current sensor. Measuring 
this current our system control is able to know the state of charge of the battery and 
therefore give at the system the proper voltage.  
 
Figure 16 - Battery Psim model 
The battery voltage is expressed by the equations extracted of the Matlab web site [8] 
showed at Figure 17. The curve of voltage evolves differently depending if it’s charging or 
discharging. These equations consider different parameters explained in Table 7. The Q and 
R parameters be can extracted directly from battery datasheet (Annex 2.1). The value of A, 
B, E0 and K will be extracted using the discharge curve in the datasheet. 
 
Figure 17 - Charge and discharge battery voltage. Source: [4] 
(14) 
(15) 
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The model implemented assumes some conditions:  
 The internal resistance is supposed constant during the charge and discharge cycles 
and does not vary with the amplitude of the current. 
 The model’s parameters are deduced from the discharge characteristics and assumed 
to be the same for charging. 
 The capacity of the battery does not change with the amplitude of the current (No 
Peukert effect). 
 The temperature does not affect the model’s behavior. 
 The Self-Discharge of the battery is not represented. 
 The battery has no memory effect. 
And has the following limitations: 
 The minimum No-Load battery voltage is 0 V and the maximum battery voltage 2*E0. 
 The minimum capacity of the battery is 0 Ah and the maximum capacity Q. 
Therefore, the maximum state of charge (SOC) cannot be greater than 100% if the 
battery is overcharged. 
 
The control system used in our battery model is showed in Figure 18. This Psim model has 
been created from following the steps described in [8] for an implementation of a battery 
for a MATLAB/SIMULINK model.  
Vbatt(V) battery voltage 
E0  (V ) battery constant voltage 
K  (Ω) polarization resistance 
Q (Ah) battery capacity 
it (Ah) ∫idt = actual battery charge 
A (V ) exponential zone amplitude 
B (Ah) exponential zone time constant inverse 
R (Ω) internal resistance 
Ibatt (A) battery current 
i*(A) filtered current 
Ibatt (A) battery current 
Table 7 - Battery paramaters 
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Figure 18 - scheme of battery control. Source: [8] 
The parameter it is the indicative of the state of charge (SOC) of the battery. If this 
parameter is 0, the battery will be fully charged, if for the contrary are at his top value, when 
it is equal Q, the battery are totally discharged. The intensity obtained by the current sensor 
is filtered by an integrator. Into this integrator it’s necessary to set time constant at 3600s 
with the aim of obtain in the out signal Ah, in addition is able to set the initial state of charge 
changing the initial value. At the out of this signal is necessary to put a limiter in order to 
ensure the proper functioning as indicate the model limitations.  
 
The filtered current (i*) is achieved by introducing the value of Ibatt into a first order low-pass 
filter. To know the time constant value of this filter is necessary an experimental test with 
the real battery because by the dada of the datasheet isn’t possible. In this paper *9] a study 
with 4 different types of batteries concludes that, testing the four batteries, in all of them 
have the same time constant and this is around 30 seconds, so this value is implemented.   
   
Figure 19 - It Psim              Figure 20 - i* Psim 
 
R 
Hybridization of the autonomous heliostat power for the future 
solar power towers 
2012 
 
 
 31 
      
The exponential part consist in a filter like the equation shows, with an enter Sel who his 
value is 1 when the battery is charging and his value is 0 when battery is discharging. This 
filter gets add to the battery his characteristic exponential zone (Figure 21), this behavior of 
the voltage curve is called hysteresis phenomenon. 
      
      
 
 
 
        
    
               
 
 
Figure 21 - Hysteresis phenomenon. Source: [9] 
 
 
To obtain this kind of filter in Psim is necessary to build the following schema:  
 
 
 
 
 
Developing the filter, the expression will be: 
 
 
 
 
  
 
        
         
 
+ 
-
- 
i(t) 
 
 
 X 
D 
 
Sel(s)   Exp(s)   
Figure 22 - Exponential filter 
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The C and D will be set when the values of A and B of the battery are known later. 
The exponential zone subcircuit (Figure 23) has two inputs, the current i(t), previously 
treated to get its absolute value and the input signal Sel, obtained comparing with a 
comparator  the signal i(t) and the ground.  
 
              
     Figure 23 - Exponential zone Psim 
To complete the equations (Figure 17), mathematical elements are introduced into the 
system. In both equations exist a common part that share the same elements and the other 
different parts of the equations are used depending if the battery is charging (15) or 
discharging (14). To use the correct equation a multiplexor is used to choose the correct 
elements in case of charge of discharge.  
4.2.1 Extracting parameters 
An important feature of the proposed model is the simplicity with which the dynamic model 
parameters are extracted. In fact, it is not necessary to take experimental measures on the 
battery in order to extract the parameters. Only three points on the manufacturer’s 
discharge curve, in steady state, are required to obtain the parameters. Vfull when the 
battery is full charged, (Vexp;Qexp) at the end of the exponential zone, (Vnom;Qnom) when the 
voltage starts to drops abruptly and Q the maximum capacity. 
 In datasheet, the discharges curves are plotted with different constant currents. Looking at 
the curve with 0.093C constant current (2.232A) and doing some approximations we 
conclude that the exponential zone finishes at 0.6 min = 36s and its voltage is around 12.7 V 
and the nominal zone finishes at 10.75h and its voltage is around 10.8 V. The voltage drops 
down to 0V at 12h and the Q is provided by datasheet and its value is 24Ah. Doing the 
pertinent calculations is obtained: 
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Vfull 13.2 V 
Vexp 12.7 V 
Qexp 0.02 Ah 
Vnom 10.8 V 
Qnom 21.5 Ah 
Q 24 Ah 
Table 8 - Points extracted from battery datasheet    
With these points and using the following equations we will achieve all the rest of the 
parameters (A, E0 and K). For the end of the exponential zone, the factor B can be 
approximated to 3/Qexp since the energy of the exponential term is almost 0 (5 %) after 3 
time constants. The R value is 0.004 Ω looking up to the datasheet.  
                (20) 
 
         
 
      
                   
  
    
             
 
         
 
      
                   
  
    
             
Solving the system of three equations (Annex) the results obtained are: 
Exponential zone amplitude (V) A 0.50647 V 
Exponential zone time constant inverse (Ah) B 150 Ah 
Battery constant voltage (V) E0 12.7827 V 
Polarisation resistance (Ω) K 0.0083112 Ω 
Table 9 - Extracted Parameters  
Using the equations (18) and (19), the values introduced will be: 
C 75.9705 
D 1.97445 
Table 10 - Adapted parameters 
Setting all the parameters in the system and then simulating: 
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Discharge at 0.093C: 
 
Figure 24 - Psim Battery discharge curve at 0.093C 
 
Figure 25 - Exponential zone of Psim Battery discharge curve at 0.093C 
Time (s) 
Vbatt (V) 
Time (s) 
Vbatt (V) 
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Charge at 0.093C: 
 
Figure 26 - Psim Battery charge curve at 0.093C 
The curves of charge and discharge of a Lead Acid battery simulated with Psim of our model 
(Figure 24, Figure 26) shows well and both looks accurately like the known charge and 
discharge curves. This model can be adapted at other types of Lead Acid batteries if the 
datasheet with the discharge curve is available.   
 
 
 
 
 
 
 
Vbatt (V) 
Time (s) 
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4.3 MPPT design 
Once finished the photovoltaic panel model and the model of the battery, it’s time to design 
the MPPT converter. This is a DC/DC converter with a buck or boost topology, it depends of 
the characteristics of photovoltaic panel and the battery connected at the system. Its 
mission is to search the voltage of the photovoltaic panel that produces the maximum 
power. There are many studies about the different strategies of the control of MPPT [12]. 
Before deciding the topology of the MPPT converter is important to verify the range of the 
voltage connected at the two sides of MPPT. The photovoltaic panel voltage at the output 
with a radiation of 1000 W/m2 and a temperature of 25°C is 35V. Checking this maximum 
point at different radiations but at the same temperature the range is Vmax = [36.2, 29.36] 
(Table 11). 
Radiation (W/m2) [25°C] Vm (V) 
1600 36.2 
1500 36.04 
1400 35.84 
1300 35.68 
1200 35.48 
1100 35.24 
1000 35 
900 34.72 
800 34.4 
700 34.04 
600 33.6 
500 33.04 
400 32.32 
300 31.28 
200 29.36 
Table 11 - Variation of Vm at different radiations 
In the worst case, at a temperature of cells of 85°C and a radiation of 1200 W/m² , because If 
the temperature is high means that exist a significant radiation, the maximum voltage is 
26.4V. As the battery side concerns, are known that the battery, when it is fully charged has 
a voltage around 13.2 V approximate. The system has two batteries in series then the 
voltage at the output will be around 26.4 V.  As the input of the MPPT (PV side) is higher 
than his output (battery side), the MPPT model designed will be a buck converter (Figure 
27).  
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Figure 27 - Schema of MPPT buck converter 
4.3.1 MPPT control 
The most important part of a MPPT is its control. In this Psim model will be used a numerical 
algorithm that will provide a Vref output signal. This signal will be compared with the output 
voltage of de solar panels to extract and error that will be corrected by a PI (Proportional-
integrator controller) to supply at the transistors the adequate alpha that makes the error 
minimum. The algorithm gets the signals of the voltage and the current at the output of the 
photovoltaic panel for each certain period of time (depending of the frequency set in the 
algorithm) and then calculates the power supplied. If the power is higher or smaller than the 
previous power calculated and if the voltage is higher or smaller than the voltage obtained, 
the Vref it will be incremented or decremented. This algorithm is possible to implement 
because is known the trace of the power in function of the voltage in a photovoltaic panel 
and he always has a maximum point of power between the minimum and the maximum 
voltage. This algorithm has been extracted from [12]. In Figure 28 is represented the 
numerical MPPT Control flowchart.  
 
Figure 28 - Flowchart of improved numerical MPPT Control. Source: [12] 
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For implementing the algorithm into Psim module, will be used a C block. In this block is 
possible to write a program in code C using input and output external analog signals. The 
written code inside the block is in Annex 3.2. The adjustable parameters in the algorithm 
are:  
 S = Number of the steps during the simulations that the algorithm has to wait for be 
executed.  S = fsim/falg.  
 C = is the value of the increase or decrease of Vref. 
 
For the good functioning of the converter, the alpha frequency of the transistor will be 
104Hz. For this reason the step frequency of Psim simulation (Is the interval of time that Psim 
wait for do the next all parameter calculation) will be imperatively 10 times higher or more. 
The other frequency to adjust is PI time constant. According to the equation and doing 
several simulations all the parameters are extracted: 
 
                       
 
fPI 10
2 s-1 
falg 10
3 s-1 
fα 10
4 s-1 
fsim 10
5 s-1 
Table 12 - Chosen frequencies 
C and PI gain are parameters associated to increase or decrease of, the first one Vref and the 
other α of the transistor. These parameters are important to be defined right for obtain a 
stable system with a quick response to changes, for example when the radiation decreases 
because a cloud appears between the sun and the panel. This incidence will change the 
voltage of maximum power instantly. If the frequency of the algorithm or of PI will change, 
these parameters would be checked; normally if the frequency will increase the parameters 
would be decreased. According to this and studying the response at different values of the 
parameters: 
C 0.005 
PI Gain 0.01 
Table 13 - Chosen gains 
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Figure 29 - MPPT control circuit in PSim 
The analog components of the power circuits are sized simulating in Psim. The capacitor Cin 
value is adjusted looking for a little distortion and a soft increase or decrease of the input 
photovoltaic voltage. The inductor L value is adjusted to try to minimize the ripple of the 
current inside the inductance under 10% of his average value. The capacitor Cout and the 
resistor (R) values operate like a signal filter to try to smooth more the output current. The 
finally values are: 
Cin (mF) L (mH) Cout (mF) R (Ω) 
47 2 0.3 0.5 
Table 14 - Converter elements values 
 
Figure 30 - MPPT power circuit in Psim 
The ripples of the currents in the converter are: 
        
  
    
           
 
 
 ripple 
Ipv 5.51% 
IL 7.74% 
Iout 0.786% 
Table 15 - Current ripples 
R 
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When all the parameters of the model are well arranged, it’s time to verify the correctly 
behavior of the modeled MPPT. The next test consist in changing the radiation parameter of 
the photovoltaic panel connected at the input of the modeled MPPT, then doing the 
simulation for each radiation and note the reference voltage given by the algorithm is near 
to the voltage with maximum power of the panel.  
 
Radiation (W/m2) V_Pm (V) VmMPPT (V) Error (%) (VPm - VPmMPPT)  (V) 
1600 36,2 36,141 0,164 0,0595 
1500 36,04 35,991 0,137 0,0495 
1400 35,84 35,821 0,054 0,0195 
1300 35,68 35,635 0,125 0,0446 
1200 35,48 35,445 0,098 0,0346 
1100 35,24 35,185 0,155 0,0547 
1000 35 34,985 0,042 0,0147 
900 34,72 34,690 0,086 0,0298 
800 34,4 34,365 0,101 0,0348 
700 34,04 33,990 0,147 0,0499 
600 33,6 33,575 0,074 0,025 
500 33,04 32,990 0,152 0,0501 
400 32,32 32,235 0,264 0,0853 
300 31,28 31,110 0,544 0,1702 
200 29,36 29,380 -0,068 -0,0201 
Table 16 - Results of test VPm vs VPm_MPPT 
Looking at the results of test in Table 16  when the radiation is 300 W/m2 the MPPT model 
obtains the highest relative error (0.544%).  When the panel is isolated at other radiations, 
the reference voltage of the MPPT is closer than the real maximum power voltage and keeps 
an error less than 0.3%, therefore the modeled MPPT algorithm are well calibrate. In 
addition, the simulations demonstrate that the output voltage of the photovoltaic panel is 
well adapted at the reference voltage supplied by the MPPT at different radiations.  
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4.3.2 MPPT loses 
Once the MPPT are totally built, the next point is trying to adjust at the reality. The MPPT 
converter proposed for the model is a Steca Solarix MPPT 2010 (datasheet in Annex 3.1). 
Looking at the datasheet we find a curve of efficiency versus power applied and we realize 
that the tendency of the curve isn’t linear. Checking the efficiency simulating our model at 
different supplied power and then tracing the points, the curve obtained is far away at the 
efficiency device curve (Figure 31). 
 
Figure 31 - Efficiency curve Steca vs Model 
To adjust the efficiency of the model at the reality a voltage-controlled current source at the 
out of the MPPT will be set trying to pretend to be the converter losses. This controlled 
source is connected to a C block with an algorithm that its purpose is calculate the losses of 
the converter, comparing with the desired losses and then extract the proper current to 
achieve the real efficiency. The efficiency MPPT equations are: 
Model:   η(P) = -0,0002P + 0,9941 with R² = 0,9838 (25)   
Steca:     η(P) = -4E-06P2 + 0,001P + 0,9182 with R² = 0,9801   (26) 
The algorithm catches the value of the power given for the solar panel, calculate the desired 
efficiency by the Steca equation (26) and then calculate the desired power multiplying the 
PV power by the calculated efficiency. The next step of the algorithm is to calculate the 
power of the model at the out of MPPT converter using the Model equation (25) to extract 
the efficiency and then multiplying by the PV power. The last step is to calculate the intensity 
applied as loss. Subtracting the desired power to power of the model and dividing by the 
output MPPT voltage the algorithm obtain the value of the intensity. This signal is 
transmitted at the voltage-controlled current source. The C code is in Annex 3.3. 
0,91
0,92
0,93
0,94
0,95
0,96
0,97
0,98
0,99
1
0 100 200 300
Ef
fi
ci
e
n
cy
Power (W)
Efficiency curve Steca vs Model
Efficency model curve
Efficiency Steca curve
Hybridization of the autonomous heliostat power for the future 
solar power towers 
2012 
 
 
 42 
  
 
Figure 32 - C block algorithm desired losses 
After implementing the algorithm at the model the results are:  
 
Figure 33 - Efficiency curve Steca vs Model with algorithm 
 
As the Figure 33 shows, introducing the algorithm of the losses at model, this becomes more 
accurate to the reality. Checking the converter at different levels of solar radiation and 
temperature the MPPT model work right and gives the maximum voltage point. 
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4.4 SC and the DC/DC bidirectional buck/boost converter  
The DC/DC converter chosen to be implemented in a Psim model is a bidirectional 
buck/boost up convert working as a buck when the current goes from bus to supercapacitors 
(SC) and working as boost when the current goes from SC at the bus (up convert). This kind 
of converter has 2 transistors, one works as buck (α1) and the other as boost (α2) (Figure 34). 
 
Figure 34 - Bidirectional buck-boost DC/DC converter 
4.4.1 SC battery 
The voltage of the main bus is around 24V so the nominal voltage of bank of SC it will be 
minor. For the right work of the converter the maximum voltage of SC bank could be 16V 
when are full charged and stop the discharge when the SC voltage reached at half of its 
nominal voltage (8V). The bank of SC chosen for use in model is composed by BCAP 1500 
Maxwell capacitors; the datasheet is included in Annex 4.1. Needless to say that it has been 
taken this kind of SC to build the model in order to do an example. The SC bank it would be 
sized according to the capacity needed. The SC chosen rated voltage is 2.7 V and its capacity 
is 1500F. To achieve a nominal voltage of 16V with these SC is necessary to connect some of 
them in series. Using the equation:  
   
    
                             
Connecting 6 capacitors in series causes a change of SC battery capacity: 
 
        
 
 
   
 
 
    
               (28) 
Also causes a change in his internal resistor, the equivalent series resistor (ESR): 
                     (29) 
The SC battery characteristics are: 
Number of capacitors Rated voltage Capacity ESR 
6 16.2 V 250 F 2.82 mΩ 
Table 17 - SC battery data 
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4.4.2 Converter 
Once the battery of SC is established, two subcircuits are designed in the model to control 
each one transistor. Their mission is obtaining the accurate α to transmit to the transistors 
depending the strategy followed.  
4.4.2.1 Boost control 
The input control signals to the subcircuit are: 
Vuc SC battery voltage  
Vuc_min Minimum voltage reached by SC 
Iuc SC battery current 
Iload Load current 
Imppt MPPT outer Current  
αbuck Alpha of the buck transistor 
Table 18 - Input control signals of boost control 
Inside the boost subcircuit exist 2 parts with different objective: one controls the value of 
alpha and the other controls when the transistor has to work. The first one is composed by 
the following schema: 
 
Figure 35 - Alpha boost control 
The aim of this part is achieve an accurate alpha who gives at the main bus the rest of the 
current that the MPPT cannot provide. For this reason the model subtract Imppt to Iload , to 
obtain the reference current that has to be given by the SC at the output of converter. As 
Figure 35 shows a summer compares the reference current with the current at the out of 
converter (Iuc_out = αboost ∙ Iuc) to achieve the error and then be corrected by a PI filter giving 
the proper alpha. The PI gain and time constant has been set at 0.01 and 0.001 respectively.  
(α2) 
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The other part objective is controls when the transistor has to stop working or receive an 
alpha value (Figure 36). Using simply logical gates the model decides when provides an 
alpha, so the transistor works when: 
 The MPPT outer current isn’t enough to supply the load. 
 The Vuc don’t reach at the minimum allowed voltage, when Vuc = Vuc_min = 8V.  
 The αbuck is 0, so the other transistor doesn’t work.  
If these rules are not complied, the multiplexor gives a 0 to the transistor. It would possible 
to enter some more constraints, depends that what want to achieve. For this purpose is only 
necessary to change the logical part getting the needed signals and the adequate gates.  
 
Figure 36 - Boost transistor operation control 
4.4.2.1 Buck control 
The input control signals to the subcircuit are: 
Vuc SC battery voltage  
Vuc_max Maximum voltage allowed by SC 
Isor Out  converter current 
Iload Load current 
Imppt MPPT outer Current  
Ides Desired current entering at the converter 
Diff The current amount overproduced that allows charge the SC 
αboost Alpha of the boost transistor 
Table 19 - Input control signals of buck control 
As the boost subcircuit, buck subcircuit has 2 parts too, with the same objective. The first 
part is responsible to give the proper alpha at the transistor (Figure 37). A value of a desired 
current entering in the converter is set inside the constant parameter called Ides, it will be the 
entering current when the buck transistor is working. A summer extracts the error of this 
parameter and the real entering current at the converter and the result is corrected by a PI 
filter providing the alpha value at transistor. The PI gain and time constant has been set at 
0.01 and 0.001 respectively. 
α2 
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Figure 37 - Alpha buck control 
The other part (Figure 38) controls when the transistor has to stop or works with the proper 
alpha. The transistor works when: 
 The MPPT current is enough to supply the load and overproduces a current equal or 
higher than the Diff (0.5 A) value. 
 The Vuc is smaller than Vuc_max = 16V.  
 The αboost is 0, so the other transistor doesn’t work.  
If these rules are not complied, the multiplexor gives a 0 to the transistor. It would possible 
to enter some more constraints, depends that what want to achieve. For this purpose is only 
necessary to change the logical part getting the needed signals and the adequate gates.  
 
Figure 38 – Buck transistor operation control 
4.4.3 Potential circuit 
Once the logical system is build only rests try the value of the resistors, capacitors and 
inductors used in DC/DC bidirectional buck boost converter. For this aim will be used the 
simulating to find the adequate values to search a stable system with a smooth distortion of 
the current. The values chosen are: 
Luc Cout Rout Csc RESR 
0.005 H 1.5 mF 300 mΩ 150 F 2.82 mΩ 
Table 20 - SC converter elements values 
α1 
α1  
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4.5 Final model 
Once all the parts are finished separately, it’s time to put them together as the chosen 
topology. The Psim scheme of PV and Battery are put in different subcircuits and adapted to 
this change. In the principal Psim schema is included: One PV subcircuit, 2 battery (12V) 
subcircuits connected at the mainly bus, the MPPT converter between the PV subcircuit and 
the mainly bus and the DC/DC bidirectional buck boost converter between the SC and the 
mainly bus. In addition, a current source with a voltage controlled is included at the mainly 
bus pretending be the applied load (Figure 39). With the proper voltage is possible to 
simulate the desired charge.  The view of all system is included in Annex 5.1 
 
 
Figure 39 - Load 
Doing a simulation with a radiation of 800 W/m2 and changing it drastically to 200 W/m2 
pretending trying to simulate the passage of a cloud interjecting between the sun and the 
photovoltaic panel. The change of the radiation is at second 5. The load demands a current 
of 2 A during 1 second every 2 seconds. The temperature was adjusted to 298 K. The results 
are included at the Annex 5.2 and Annex 5.3.  
In the first graphic appear the photovoltaic panel voltage (Vpv) and the reference voltage 
provided by MPPT control (Vref). The Vref given by MPPT is correct with both radiations and 
Vpv adapts well at this voltage and its change. In the second graphic appears the current of 
the photovoltaic panel (Ipv) (Annex 5.2). 
 In the first graphic it appears the current at the output of the MPPT (Imppt) and the current 
demanded by the load. In the second graphic appears the battery current (Ibatt) and the input 
current of the SC converter (Ivv). In first time, the current of SC and battery receive energy, 
when the radiations changes, they give the energy (Annex 5.3).  
The change of the power of the photovoltaic panel when the radiation is 800 and then 
becomes 200 W/m² is showed in graphic into the Annex 5.4. 
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5 Conclusions 
 
At the end of this study, the more characteristics parts of the model studied have been 
designed in Psim and verified their correctly operation and the model is able to be used to 
extract the appropriate conclusions. The model built offers much versatility, can be adapted 
at different conditions. In first place the lead acid battery and the panel subcircuits can be 
adapted at other manufacturers knowing some characteristics normally founded in their 
datasheets. Concerning the bidirectional buck boost converter added at SC, needless to say 
that many different strategies can be tried by changing the logical circuit to adapt at the 
others specifications or decide when the SC has to be charged and discharged.  The model 
can be used to try which is the best strategy storing and supplying the energy obtained by 
solar panel. The different parts of the model can be used separately for others applications 
or for try another hybrid models. The way to adjust the devices into models in PSim, in this 
study, has been made by datasheet data and it could be a little difference with respect to 
the reality, therefore the next study could be compares this difference with the real results 
obtained and then try to extract the necessary values to find a new regulate. In addition the 
study includes all the steps to follow to build a model and also the way to regulate correctly 
as the manufacturer indicates. The only necessary thing is acquire whole datasheets of the 
required devices. 
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7 Annex 
Annex 1.1 Photovoltaic datasheet 
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Annex 1.2 Loses test 
Rs = 0,1Ω Rsh = 1000Ω 
         
B= 1,3 
          
T (K) V0c (V) Icc (A) Pm(W) V0r (V) Icsr (A) Pmr (W) Ev0c (%) Eics (%) Epm (%) Etot (%) 
248 56,385 3,846 180,452 49,350 3,861 147,000 14,255 0,397 22,756 12,470 
258 53,515 3,866 170,137 47,880 3,881 141,600 11,769 0,372 20,153 10,765 
268 50,645 3,890 159,873 46,410 3,901 136,200 9,125 0,267 17,381 8,924 
278 47,750 3,910 149,379 44,940 3,920 130,800 6,254 0,266 14,204 6,908 
288 44,875 3,930 138,818 43,470 3,940 125,400 3,233 0,264 10,700 4,732 
298 41,995 3,950 128,200 42,000 3,960 120,000 0,011 0,263 6,834 2,369 
308 39,095 3,969 117,541 40,530 3,980 114,600 3,541 0,262 2,567 2,123 
318 36,228 3,989 106,859 39,060 4,000 109,200 7,250 0,261 2,144 3,218 
328 33,325 4,009 96,175 37,590 4,019 103,800 11,346 0,259 7,345 6,317 
338 30,425 4,029 85,518 36,120 4,039 98,400 15,767 0,258 13,092 9,706 
348 27,475 4,049 74,921 34,650 4,059 93,000 20,708 0,257 19,439 13,468 
Rs = 0,1Ω Rsh = 1000Ω 
         
B = 2,73 
          
T (K) V0c (V) Icc (A) Pm(W) V0r (V) Icsr (A) Pmr (W) Ev0c (%) Eics (%) Epm (%) Etot (%) 
248,000 49,420 3,847 155,413 49,350 3,861 147,000 0,142 0,374 5,723 2,080 
258,000 47,950 3,866 150,055 47,880 3,881 141,600 0,146 0,372 5,971 2,163 
268,000 46,480 3,886 144,641 46,410 3,901 136,200 0,151 0,370 6,198 2,239 
278,000 45,010 3,906 139,174 44,940 3,920 130,800 0,156 0,368 6,402 2,309 
288,000 43,575 3,926 133,658 43,470 3,940 125,400 0,242 0,366 6,586 2,398 
298,000 42,035 3,946 128,096 42,000 3,960 120,000 0,083 0,364 6,747 2,398 
308,000 40,530 3,965 122,492 40,530 3,980 114,600 0,000 0,363 6,886 2,416 
318,000 39,025 3,985 116,850 39,060 4,000 109,200 0,090 0,361 7,005 2,485 
328,000 37,520 4,005 111,174 37,590 4,019 103,800 0,186 0,359 7,104 2,550 
338,000 35,980 4,025 105,470 36,120 4,039 98,400 0,388 0,357 7,185 2,644 
348,000 34,475 4,045 99,744 34,650 4,059 93,000 0,505 0,356 7,251 2,704 
 
Rs = 0,01Ω Rsh = 150Ω 
         
B=2,73 
          
T (K) V0c (V) Icc (A) Pm(W) V0r (V) Icsr (A) Pmr (W) Ev0c (%) Eics (%) Epm (%) Etot (%) 
248 49,193 3,844 142,488 49,350 3,861 147,000 0,318 0,432 3,070 1,273 
258 47,722 3,864 138,148 47,880 3,881 141,600 0,330 0,430 2,438 1,066 
268 46,260 3,884 133,714 46,410 3,901 136,200 0,324 0,428 1,826 0,859 
278 44,778 3,904 129,186 44,940 3,920 130,800 0,361 0,426 1,234 0,673 
288 43,302 3,924 124,568 43,470 3,940 125,400 0,386 0,424 0,664 0,491 
298 41,840 3,943 119,864 42,000 3,960 120,000 0,381 0,422 0,114 0,305 
308 40,317 3,963 115,077 40,530 3,980 114,600 0,524 0,419 0,416 0,453 
318 38,803 3,983 110,212 39,060 4,000 109,200 0,659 0,417 0,926 0,668 
328 37,316 4,003 105,272 37,590 4,019 103,800 0,730 0,415 1,418 0,854 
338 35,800 4,023 100,264 36,120 4,039 98,400 0,887 0,413 1,894 1,065 
348 34,281 4,042 95,191 34,650 4,059 93,000 1,064 0,411 2,356 1,277 
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Annex 2.1 Battery datasheet 
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Annex 2.2  Equation developed extracting the parameters  
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Annex 3.1 MPPT datasheet 
 
Hybridization of the autonomous heliostat power for the future 
solar power towers 
2012 
 
 
 56 
Annex 3.2 MPPT algorithm C code 
 
#include <Stdlib.h> 
#include <String.h> 
float Vo=0; 
float  Vref=0; 
float Po=0; 
float Pn=0; 
 int g_nInputNodes=0; 
 int g_nOutputNodes=0; 
float C= 0.005; 
 int g_nStepCount=0; 
int i=0; 
int S=0; 
 
void OpenSimUser(const char *szId, const char * szNetlist, int nInputCount, int 
nOutputCount, int *pnError, char * szErrorMsg) // This function is only one time executed at 
the beginning of the simulation 
 
{ 
g_nInputNodes = nInputCount; 
 g_nOutputNodes = nOutputCount; 
Vref= 30; 
Po = 0; 
Vo = 10; 
S=100; 
} 
 
void RunSimUser(double t, double delt, double *in, double *out, int *pnError, char * 
szErrorMsg) // This function is executed for each step set during the simulation 
 
{ 
g_nStepCount++; 
if (i!=0){ 
i = i-1; 
} 
if (i==0){ 
i = S; 
Pn = in[0] * in[1]; 
if (abs(Pn-Po)>0.001){ 
 if (Pn>Po){ 
  if (in[0]>Vo) 
  { 
  Vref = Vref + C; 
  }if (in[0]<=Vo) 
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  { 
  Vref = Vref - C; 
  } 
 } if (Pn<=Po) 
 { 
  if (in[0]>Vo) 
  { 
  Vref = Vref - C; 
  }if (in[0]<=Vo) 
  { 
  Vref = Vref + C; 
  } 
 } 
Po = Pn; 
Vo = in[0]; 
 } 
} 
out[0] = Vref; 
} 
 
Annex 3.3 MPPT loses algorithm C code 
 
#include <Stdlib.h> 
#include <String.h> 
int g_nInputNodes=0; 
int g_nOutputNodes=0; 
int g_nStepCount=0; 
int i = 0; 
float rend=0; 
float rend2=0; 
float Pdes=0; 
float Prec=0; 
int s = 10; 
float P =0; 
 
void OpenSimUser(const char *szId, const char * szNetlist, int nInputCount, int 
nOutputCount, int *pnError, char * szErrorMsg) 
{ 
g_nInputNodes = nInputCount; 
 g_nOutputNodes = nOutputCount; 
s=10; 
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i =s; 
} 
void RunSimUser(double t, double delt, double *in, double *out, int *pnError, char * 
szErrorMsg) 
{ 
g_nStepCount++; 
 
if (i == 0) 
{ 
P = P/s; 
rend =-0.000004 *P*P +  0.001 *P + 0.9182; 
Pdes = rend *P; 
rend2 =-0.0002*P + 0.9941 ; 
Prec = rend2 *P; 
out[0] = (Prec - Pdes)/in[0]; 
i = s ; 
P = 0; 
} 
P =  in[1] + P; 
i = i -1; 
} 
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Annex 4.1 Supercapacitor datasheet 
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Annex 5.1 Psim final model 
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Annex 5.2 Psim final model test 1 
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Annex 5.3 Psim final model test 2 
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Annex 5.4: Power of photovoltaic panel at 800 and 200 W/m² of radiation 
 
